The Barents Sea is subject to ongoing postglacial uplift since the melting of the Weichselian ice sheet that covered it. The regional ice sheet thickness history is not well known because there is only data at the periphery due to the locations of Franz Joseph Land, Svalbard, and Novaya Zemlya surrounding this paleo ice sheet. We show that the linear trend in the gravity rate derived from a decade of observations from the Gravity Recovery and Climate Experiment (GRACE) satellite mission can constrain the volume of the ice sheet after correcting for current ice melt, hydrology, and far-field gravitational effects. Regional ice-loading models based on new geologically inferred ice margin chronologies show a significantly better fit to the GRACE data than that of ICE-5G. The regional ice models contain less ice in the Barents Sea than present in ICE-5G (5-6.3 m equivalent sea level versus 8.5 m), which increases the ongoing difficulty in closing the global sea level budget at the Last Glacial Maximum.
Introduction
The geological sea level record in Barbados [Peltier and Fairbanks, 2006] estimates the sea level at the Last Glacial Maximum (LGM) to be on average 120 m lower than the present-day sea level. The widely used ICE-5G reconstruction [Peltier, 2004] has a total volume of LGM-grounded ice equivalent to a 118.7 m sea level rise assuming the present-day ocean area. However, since publication of the model, recent reconstructions of the Antarctic ice sheet have a smaller LGM-grounded ice volume compared to the 17.3 m eustatic sea level (ESL) of ICE-5G [Peltier, 2004] . These include both pure Glacial Isostatic Adjustment (GIA) reconstructions (7 mESL) [Ivins et al., 2013] , as well as hybrid glaciological/GIA modeling approaches (8-10 mESL) [Whitehouse et al., 2012] and (6-15 mESL) [Briggs et al., 2014] . Geodetic data of North America have indicated a smaller ice sheet there [Lambert et al., 2006; van der Wal et al., 2009; Argus and Peltier, 2010] as also occurs in a recent data-calibrated glaciological reconstruction [Tarasov et al., 2012] . Clark and Tarasov [2014] suggest previously unaccounted for grounded ice in the Northern Hemisphere as solution for missing LGM ice. To exacerbate the problem, a revision of the GIA model to reflect the effect of a high-viscosity slab in the mantle below Barbados brings the sea level rise inferred from Barbados to about 130 m [Austermann et al., 2013] . Thus, the total ice volume required to match sea level data is increased, while the contribution from the known ice sheets in North America and Antarctica is smaller than previously thought. The missing ice must come from other ice sheets of which the thickness is not well constrained yet.
One possibility to locate some of the missing ice is the Barents Sea region, which delivers 8.5 m of sea level rise in the ICE-5G model. This area is one of the largest continental shelves, which could have been completely ice covered during the LGM [Svendsen et al., 2004] . However, the ice cover during the LGM in this area is heavily debated, with some stating that large parts of the northern coastal areas of Russia were covered with ice sheets [Grosswald, 1998] . Furthermore, sea level curves collected from the coasts of Svalbard, Novaya Zemlya, and Franz Joseph Land indicate grounded ice in the Barents Sea region at the LGM [Kaufmann, 1997] . Others argue that the ice margin during the LGM was situated offshore, covering only the northern tip of the Taymyr Peninsula [Mangerud et al., 2002; Lambeck, 1996] . Unfortunately, all these studies could only use observations that are located at the boundaries of the predicted postglacial uplift, probing areas far away from the maximum expected uplift. Observations in the center of the Barents Sea (see Figure 1 ) could reduce the uncertainty of LGM ice mass estimates and contribute to resolving the global ice budget of land ice at the LGM.
Observations of time-variable gravity from the GRACE satellite mission have been able to constrain ice-loading history in North America [Tamisiea et al., 2007] and are successfully used in Scandinavia [Steffen et al., 2008 ; Figure 1 . Gravity Recovery and Climate Experiment (GRACE) gravity trends at the surface after band-pass filtering and correction for present-day ice mass change. A band-pass filter with high-pass half width of (a) 200 km and (b) 300 km and low-pass half width of 600 km for both models is assumed. The present-day ice mass change corrections adopted are −3.3 Gt/yr (Svalbard), −4.2 Gt/yr (Novaya Zemlya), and −0.9 Gt/yr (Franz Joseph Land). The black dot depicts the location of maximum gravity change. Root et al., 2015] . The gravity rate in areas of uplift in North America and Scandinavia was shown to agree with uplift rates measured by GPS uplift rates [van der Wal et al., 2011] . With the increased precision of later GRACE releases and longer observational time series, signals of smaller spatial scale should become more visible against background noise. This study investigates the constraint provided by GRACE data on models of the past ice sheet in the Barents Sea. We compare the GRACE-derived gravity rate with the predicted gravity rate from GIA models with different mantle parameters and for different ice-loading histories, assessing whether or not the employed ice-loading models are a good representation of the past ice thickness at the Barents Sea region.
Ice-Loading Models
The regional ice sheet chronologies are from an ongoing Bayesian calibration of the glaciological Glacial Systems Model (GSM) for Northern Europe and adjacent continental shelves. The Bayesian calibration follows the approach of Tarasov et al. [2012] and thereby generates a posterior probability distribution of ice sheet chronologies given GSM run fits to the calibration constraints. The latter consists of Relative Sea Level (RSL) data, present-day vertical velocities, and a geologically inferred deglacial ice margin chronology (DATED) [Hughes et al., 2014] . The RSL data are from a slightly cleaned up 2006 snapshot of the University of Toronto database upon which ICE-5G was based [Peltier, 2004] . The ice margin chronology is distinguished by the inclusion of inferred maximum/minimum ice margin isochrones for each time slice. This DATED chronology was recently revised, and we include results from calibrations with both the older and newer versions of DATED, which had, respectively, later ("late deglaciation models") and earlier ("early deglaciation models") deglaciation of the Barents Sea region. The initial calibration used uplift data from Argus and Peltier [2010] , while the revised calibration with the newer version of DATED also used an updated and much larger set of geodetic constraints from Kierulf et al. [2014] .
The selected regional ice-loading models, which have a low misfit to the RSL and uplift data, are compared to the ice thicknesses of the global ice-loading model, ICE-5G [Peltier, 2004] . We use ICE-5G version 1.2 with an order 256 Gaussian grid for the complete time period of 0-122 ka, downloaded from http://www.atmosp.physics.utoronto.ca/˜peltier/data.php. In the case of the regional ice sheet models, the North Eurasian ice sheets in ICE-5G were replaced by the calibrated ice sheets. ICE-6G ice thickness values are not available, we therefore use the published Stokes coefficients for ICE-6G_C (VM5a), see Figures 2a and 2b. The latest Australian National University model [Schmidt et al., 2014] is outdated, and a new model will be published soon (K. Lambeck, personal communication, 2015) , so it is not used in this study. The ice volume equivalent sea level for the different ice models for the Barents Sea region used in this study can be seen in Figures 2c and 2d . The selected regional models all have low misfit values to the RSL and GPS uplift data sets. The ESL change for the Barents Sea is a numerical conversion of the ice volume change (Figure 2c ). Regional models with early deglaciation (Figure 2d ). The grey lines represent ice-loading models that failed the GRACE criteria, and the solid black lines passes this criteria.
above 69 ∘ latitude and between 0 ∘ and 60 ∘ longitude, using a density ice and liquid water to be 920 kg/m 3 and 1000 kg/m 3 , respectively. The contribution from the grounded ice in the Barents Sea region ranges from 8.5 m (ICE-5G) to 5-6.3 m (DATED models). The older late deglaciation-calibrated ice models have a similar onset of glaciation as the ICE-5G model.
GIA Model
In GIA modeling, the surface load consists of land ice and water redistribution. These are obtained by solving the full sea level equation, including meltwater influx, time-dependent continent margins, and rotational feedback [Mitrovica and Peltier, 1991] , [Kendall et al., 2005] . The response of the solid Earth to a surface load is computed using the multilayered normal-mode method [Wu and Peltier, 1982; Vermeersen and Sabadini, 1997] . Full details can be found in van der Wal et al. [2009] . To see the effect of the different ice-loading histories on the gravity change, similar rheological models for the Earth layers are used. The model consists of an elastic lithosphere of 60 km, followed by a 40 km thin sublithospheric layer with a viscosity of 1×10 22 Pa s, an upper mantle (570 km) with a viscosity of 0.5×10 21 Pa s, and a double layered lower mantle with viscosities of 1.6×10 21 (500 km) and 3.2×10 21 (1720 km). This viscosity structure is called VM5a [Peltier and Drummond, 2008] . Later, the rheological parameters will be varied to study their effect on gravity change estimation in the Barents Sea.
To evaluate the different models, a misfit criterion is defined [Press et al., 1992] 
where the corrected GRACE observations are represented by o, with the standard deviation expressed in s.
The GIA model results are represented by m, and the subscript i represent different filter settings to the GRACE data (see supporting information). N is the number of data points, which reflects the number of different filter settings of the GRACE data.
GRACE Data
The GRACE observations used in this study are the CSR Release 5 monthly gravity fields [Bettadpur, 2003] for the period February 2003 up to and including July 2013. The degree 2, order 0 coefficients are replaced by the values from Satellite Laser Ranging [Cheng et al., 2013] . A linear trend is estimated in the presence of an annual and semiannual signal. In the Barents Sea, these linear-trend gravity solutions contain the gravity change due to GIA as well as ongoing ice melt, continental water storage changes, and noise.
Ice mass loss in the Arctic Archipelagos of the Barents Sea can be estimated independently from GRACE with data from the ICESat mission [Moholdt et al., , 2012 Nuth et al., 2010] , but it stopped operating after 2008. Therefore, in this study, we employ mass loss rate estimates from GRACE based on a global mascon model [Schrama et al., 2014] (Table 1) . Mass loss estimates need to be corrected for GIA effects. The correction introduces an uncertainty, however, this is small compared to other systematic errors in the mass loss estimation. To validate, the values from the mascon solution are compared with those of Jacob et al. [2012] and they overlap within uncertainties. Furthermore, the solutions agree within the uncertainty with the estimates in the ICESat-based studies of Moholdt et al. [2010] and Moholdt et al. [2012] for the period of 2003-2008 (see Table 1 ).
To correct the GRACE data for ongoing glacial mass changes, the areal extent of the ice melt is required in addition to the mass loss estimates. The ice mass losses are homogeneously distributed over the glaciated areas of Svalbard (approximated melt area of 56,400 km 2 ), Franz Joseph Land (approximated melt area is 16,150 km 2 ), and Novaya Zemlya (approximated melt area is 47,600 km 2 ) north of 73 ∘ latitude. The ice mass losses in Table 1 are converted to surface mass changes and subsequently converted to gravitational potential coefficients taking into account elastic loading [Wahr et al., 1998 ].
Finally, continental water storage changes are corrected for using the Global Land Data Assimilation System (GLDAS) model [Rodell et al., 2004] from which glaciated areas were excluded. A Gaussian band-pass filter is used to reduce remaining noise in the GRACE observations. However, too much filtering removes a substantial part of the GIA signal while too little leaves noise in the data. In the supporting information, we show that our conclusion is valid for a range of Gaussian low-pass filter half widths between 200 km and 300 km. Long wavelength signals from other sources, such as the ice mass changes in Greenland and continental hydrology uncorrected for by the GLDAS model, can be mitigated by removing the low degrees in the GRACE data and GIA models, using a high-pass Gaussian filter, varying the half widths between 500 and 700 km. Effects of internal dynamics of the deep Earth are also filtered, but we reckon that this motion is not fast enough to be observed by GRACE. Greff- Lefftz et al. [2010] showed that no visible effect is seen in thėJ 2 coefficient.
The corrected GRACE data show a positive gravity anomaly rate in the area where postglacial rebound is expected. We use the maximum value of that signal to compare with the GIA models. Several factors contribute to the uncertainty in the observed gravity rate in the center of the Barents Sea. Formal errors in the GRACE data are estimated assuming that the geophysical signals are explained by an annual signal, a semiannual signal, and a trend [Wahr et al., 2004] . The residuals are upscaled to account for the reduction in noise after removing a trend and annual signal from a random time series. Systematic errors result from error in the present-day ice melt estimates including the GIA correction. Assuming that the formal errors are independent from the systematic errors, uncertainty components are added in quadrature to obtain the total uncertainty estimate for the GRACE-derived GIA gravity rate. The total (2 ) uncertainty in the GRACE gravity change observations is shown as error bars in Figures 2a and 2b. 
Results
In Figures 2a and 2b , the maximum gravity rates from the different GIA models are compared with the maximum gravity rate derived from the corrected GRACE observation for different settings of the band-pass filter. The GRACE-derived gravity rate is smaller than the GIA model result using ICE-5G and ICE-6G. The regional ice models with the late deglaciation chronology mostly overestimate the GRACE-derived maximum gravity rate in the Barents Sea region. Only four of the late deglaciation models fall completely within the uncertainty of the GRACE observations, irrespective of the filter settings. Many of the early deglaciation models pass the GRACE gravity rate criterion. However, some tend to underestimate the gravity rate in the region. Misfit with respect to RSL, GPS uplift, and GRACE observations per individual ice model is shown in the supporting information.
To examine which characteristics of the ice model cause mismatches with the GRACE-derived gravity rate, Figures 2c and 2d illustrate the ESL through time for the different models. The overestimation in the late deglaciation ice models (including ICE-5G) is a combination between time of melting and the overall ice mass in the region. Only models that have no more than 5.1 mESL during 18-21 ka pass the GRACE criteria: nn43772, nn44901, nn45283, and nn96597 (see supporting information for numbering). The ice models that fit the GRACE data have less than 4 mESL ice volume at 16 ka and have relative small ice volumes during the 20-30 ka interval.
The early deglaciation models have a tendency to underestimate the gravity change. As a result of the earlier deglaciation onset, these models can have more ice volume during the LGM while maintaining consistency with GRACE. The model nn54867 has an ice volume of more than 6.2 mESL at 20 ka and still fits the GRACE data. Additionally, early deglaciation models that pass the GRACE criterion have at least 5.2 mESL of ice at LGM.
Early deglaciation models that have ice volume continuously above 4 mESL during the 20-30 ka period show a different behavior. By inspecting Figure 2d , a small number of the lowest ice volume early deglaciation models pass the criterion. Model nn55917 does not pass the criterion even though it has less ice (5.78 mESL) than the early deglaciation model with the most ice mass during LGM. Finally, ICE-6G is also an early deglaciation model, but has thick ice in the Barents Sea region around 30 ka, which explains the large overestimation of the gravity change. This suggests that GRACE is sensitive to ice mass change in the 20-30 ka period.
To further asses the constraint to GIA modeling provided by the GRACE data in the Barents Sea, we examine how much the rheology should change, such that the ice models become acceptable. The upper mantle viscosity is varied from 2, 4, 8, 16 to 32 ×10 20 Pa s. The lithosphere thickness is varied between 40 and 160 km with a step size of 20 km. The size of the Barents Sea ice sheet is too small for the uplift to be sensitive to the lower mantle viscosity [Steffen and Kaufmann, 2005] ; therefore, we keep this parameter fixed at 32 × 10 20 Pa s to approximate the VM5a structure. Figure 3 shows the misfit results for the following ice models: ICE-5G, two late deglaciation models (minimum and maximum overall ice mass), two early deglaciation models (minimum and maximum overall ice mass), and a third early deglaciation ice model with large amount of ice (more than 4 mESL) in the 20-30 ka period. The misfit region with 95% (2 ) confidence from the minimum misfit (red dot) is denoted by the grey shading (misfit values below 5.99) [Press et al., 1992] . The VM5a structure, used in the previous part, is denoted in blue. All six results show that GRACE is not able to distinguish between different lithosphere thicknesses in the Barents Sea.
To enable the ICE-5G model to pass the GRACE criterion, a smaller upper mantle viscosity is required to account for the large ice volume. The smaller upper mantle viscosity will result in a faster rebound and results in smaller current gravity change, due to the fact that most of the relaxation has finished. The opposite effect is seen with the minimum ice volume model nn44901, where a larger upper mantle viscosity is needed, such that there is still enough current gravity change present. The best fitting rheology for the late deglaciation model (maximum overall ice mass) and ICE-5G has an upper mantle viscosity of 4×10 20 Pa s. This is similar to the regional upper mantle viscosity estimate of Steffen and Kaufmann [2005] . The early deglaciation ice models 
Concluding Remarks
The increasing time span of the GRACE gravity change observations now permits the use of these observations for GIA studies of the Barents Sea region. After filtering and correcting for present-day ice melt, GRACE data show a positive gravity change where GIA is expected. Estimates of the systematic error introduced by correcting for present-day ice melt and for formal error demonstrate that the positive signal is significant.
The global ice-loading models ICE-5G and ICE-6G overestimate the observed gravity change in the Barents Sea region. The regional ice-loading models, which contain less ice mass, predict a gravity rate that is closer to the GRACE-derived result. The late deglaciation chronology models mostly overestimate the observed gravity change. GRACE is therefore able to add new constraints to the ice mass histories:
1. Late deglaciation ice-loading models with less than 5.1 mESL during LGM pass the GRACE criterion. 2. Early deglaciation ice-loading models with more than 5.2 mESL during LGM pass the GRACE criterion.
Our rheological sensitivity study indicates that the late deglaciation ice models can be made to fit the GRACE data by lowering the upper mantle viscosity to 4 ×10 20 Pa s, similar rheological changes are needed for ICE-5G. The early deglaciation chronology ice sheet models result in a clear lower limit of the upper mantle viscosity of 4×10 20 Pa s.
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